At temperatures between 250 and 30G°C, some product adhered to the parent metal, and above 300°C, an adherent coating~j formed with a compositionoequivalent to PuD2.õ r less. Velocity constants were calculated from the data above 330 C by the expression dQ/dt = lq6/Q.
After the adherent coating had formed, rates at these higher temperatures were less than at 100°C.
A great deal of research has been directed towards the problems associated with the corrosion of plutonium, and such studies continue to be of interest to this Laboratory. The purpose of studies of the hydriding of plutonium has been to solve specific problems in the storage of the metal. For example, the corrosion of plutonium is more rapid in moist air, because of a combination of oxidising and hydriding, than in dry air where a protective oxide coat is formed. 1 Very little effort has been made to study the rate of hydriding under controlled conditions. The present research is a systematic study of the kinetics of the reaction between plutonium and deuterium. The effects of temperature and pressure on the rate are being determined.
Immediate reaction occurs when clean plutonium is contacted with pure hydrogen. Johns2 reported that the reaction proceeds in two steps:
PU(5) + %(@ ' p'@@):
and '*(S) + 1/2~= PUH3(5) .
(1)
In the first step, the metal and the dihydride are separate phases and, in the second, hydrogen is dissolved in dihydride to form a single phase of solid solution. Usually, the product of the reaction is the solid solution with a 3 composition ranging from PuH2 to PuH3. Brown et al. produced PuH2., by the direct reaction of the elements between 150 and 200°C. This hydride is a hard, metfdlike product whfch is stable even in moist air. 3 However, as the temperature of reaction is decreased, the particle size of the product also decreases, and the 4 resulting hydride can be pyrophoric.
Deuterium was selected as the hydrogen isotope for this study because of the larger weight change upon hydriding. Thus, both pressure change and weight change mess urements can be used to follow the reaction. In general, the properties of the plutonium-deuterium system are exactly the same as those of the plutonium-hydrogen 5,6 system. However, at equilibrium deuterium pressures are slightly higher than for hydrogen at the same compositions and temperatures, It has been found that at room temperature the form of attack of deuterinm with plutonium was similar to that of hydrogen, but that the rate of reaction was somewhat smaller.
In this study coupons of polished plutonium were exposed to deuterium gas at several gas pressures ranging from 100 to 500 torr. The progress of the reaction was monitored by measuring the decreasing gas pressure as a function of time. The geometrical surface area of the coupon and the reaction temperature were known so that the rate of reaction could be determined as a function of pressure, temperature and surface area.
II. EXPERIMENTAL Materials
Coupons of electrorefined plutonium, 7 25x6 mm and O. 6 mm thick, were used for the experiments in this study. Each sample was polished and vacuum annealed at 300°C prior to treatment.
High-purity (-300 ppm total impurities) deuterium was further purified with a palladfum-alloy hydrogendiffusion cell prior to storage and use. The glove box employed in this study is part of the research and development system which is supplied with dry air with a dew point of -80°C. Oxidation of coupons and deuteride was slow in this atmosphere; however, the surfaces of coupens stored with deuteride in a vacuum dessicator slowly oxidized to a bronze coloration.
Procedure
The reaction between plutonium and hydrogen is affected by the amount and nature of the surface oxidation of the metal and by the purity of the hydrogen as well as by factors such as temperature and pressure. In a glove box atmosphere of dry air, and with a maximum vacuum of 1.3X10-4 Pa, (as in the present study), the coupon certainly would be covered with an oxide coating.
Therefore, a pretreatment procedure was devised to ensure that the surfaces in each experiment would be equivalent. After the system cooled to room temperature and the getter was remov~the system was reassembled, evac- The rate of the reaction at a given time is calcukkd by the equation
where Qx and Qx-l are the values of Q at times tx and t~-~, respectively.
When the reaction system reached a constant pressure, which indicated that the reaction was complete, the system was flooded with Ar and cooled ta roomtemperature. The deuterided product was oxidized prior to transfer from the glove box.
'III. RESULTS AND CONCLUSIONS
The Reaction Product
As the reaction temperature was increased horn 85 to 300°C, the product which spalled from the surface of ,the coupon changed from a granular powder to metallic platelets. Above 300°C, the product adhered to the parent metal with very little change in physical appearance.
This coating, which was equivalent to PuD2.~to PuD2.~, was very brittle and metallic in appearance. Once formed, it was quite stable and prevented subsequent spalling of partially deuterided coupons which were exposed to add.itiona.1deuterium at lower temperatures.
Reaction bet ween plutonium and hydrogen initially forms PuH2 with hydrogen atoms in the tetrahedral inter-5,6,10 stices between the plutonium atoms.
Hydrogen then dissolves into the dihydride with a decrease in the lattice parameter. As the H/Pu ratio nears 2075, hexagoti PuH3
begins to form as a solid solution with a cubic structure.
At a ratio of 2.9 to 3.0, only the hexagonal form would exist. Since the highest, ratio observed during this study was 2.7, no change in hydride structure would occur under the conditions of this study. Hate data indicated that an inherent coating might block some reaction sites at intermediate temperatures and slow the rate, but no evidence of spalli.ng was found above 300°C for the PIutonium -deuterium system.
The Sptiing Reaction, 85°to 250°C
The discussion of the deuteriding reaction to form a spalling product will be arbitrarily limited to temperatures below 250°C. The deuteriding reaction to form an adhering product at higher temperatures will then be discussed as a separati section of this report.
In It is generally agreed that the induction period is caused by a tenacious oxide fii on the metal through which the gas must diffuse prior to reacting. At temperatures below O°C, this induction period was followed by a transition period (probably nucleation and growth of hydride) and, finally, by a period of rapid reaction.
10, n
The conditions of the Pretreatment heti cYcle in t~s study should have converted the oxide film ta the re-8 actant form of plutonium monoxide or to a subhydride and any induction period should be minimized.
A temperature spike of nearly 2000C was found when a plutonium disk was hydrided under pressuxe at 12 room temperature.
The metal system and large volume utilized in the present study, as well as the elevated temperatures, were effective in dispersing this large evolution of heat. In most cases, a temperature rise of less than 10°occurred. Data obtained during the temperature rise were not used in claculating rate expressions.
In Fig. 3 the rate of reaction (per cm2 of geometrical surface area) at 135°C is plotted against time for experiments at initial pressure of 1.8, 3.1, ad 4.0X104 pa
As would be expected, the rate decreases with time (as does the pressure). The pressure-rate relationship is shown more clearly in Fig. 4 , in which the rate per total experi.medd surface is plotted against the pressure at Q-values of O.5, 1.0, and 1.5. The rate apparently is first order in respect ta the deuterium pressure.õ ther experiments, the rate of reaction was directly proportional to the geometrical surface area of the plutonium coupon.
The data from the three experiments at 135°C were then used to calculate rates and velocity constants for both ffrst-order and half-order pressure dependency; that is,
[1 where dQ/dt is the measured rate of reaction, A is the calculated surface area of the unreacted plutonium, The reaction to form an adherent deuteride has not been studied extensively even though the kinetics of the comparable reaction tn the uranium-deuterium system . . are kncw2u 'L Under the conditions of the present study, coupons remained essentially unchanged except for hydrogen embrittlement and some cracking during cooling. The maximum rates occurred within the ffrst 0.2 min of reaction and the rate decreased rapidly to less than 0.0003 rein-i mm-2 wfthin 3 min in each case. As the reaction to form a solution of deuterium in plutonium dideuteride proceeded, the reverse reaction would begin to be significant. Eventually, an equilibrium condition would be reached. This occurred at a Q-value of 2.5 at 335°C. In the uranium-deuteri um system at pressures near the vapor pressure of the trideuteride, there was 11 no simple rate-controlling step.
As the product approached an equilibrium condition in the present study, the rate was very slow and calculations were subject to Various rate equations (such as for atomic and molecular direct reactions, for diffusion through exponentially growing layers, and for diffusion through the product to the parent metal) were tested with this data from 2 to 15 min after reaction initiation.
If the reaction takes place through a perous layer, Eqs. (4) and (5) for the direct reaction would be valid for the atomic-and molecular-controlled mechanisms, respectively. The velocity constants calculated from these equations, which are given in Table III under 
or directly proportional to the one-half order of the deuterium concentration ami inversely proportional to the reaction product (Growing Layer, Atomic Diffusion); that is,
are listed in columns %4 and~. in Table III Calculated values of kc are summarized in Table IV .
The decrease in the velocity constant near 400°C (and the similar decrease in rate) may reflect a change in the 14 oxide to a very dense, protective form.
Perhaps changes have also occurred in the parent metal which affect the rate. At higher temperatures, the relatively constant rates probably reflect the increasing decomposition pressure above solutiom of denterium in the adherent coating.
SUMMARY
The rates of hypothetical cases in which Q is varied from 0.2 to 1. O; PD is 1.33X104 Pa and Pui is 15 miUimoles are given as a function of temperature in Table V .
In this way, the rate can be shown without confusion due to the changes in mechanism. Rates, particularly at higher Q-values, are greater at temperatures below The remaining areas of concern in the D-Pu system will be studied at constant pressure by a weight-change method for determining the progress of the reaction.
This study will take place in an inert Ar atmosphere.
Effects of impurities, surface treatments, and pressure on the rate will be evaluated. 
